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Abstract
The MAGIC model of the responses of catchments to acidic deposition has been applied and tested extensively over a 15 year period at many
sites and in many regions around the world. Overall, the model has proven to be robust, reliable and useful in a variety of scientific and
managerial activities. Over the years, several refinements and additions to MAGIC have been proposed and/or implemented for particular
applications. These adjustments to the model structure have all been included in a new version of the model (MAGIC7). The log aluminium
– pH relationship now does not have to be fixed to aluminium trihydroxide solubility. Buffering by organic acids using a triprotic analog is
now included. Dynamics of nitrogen retention and loss in catchments can now be linked to soil nitrogen and carbon pools. Simulation of
short-term episodic response by mixing fractions of different water types is also possible. This paper presents a review of the conceptual
structure of MAGIC7 relating to long-term simulation of acidification and recovery, describes the conceptual basis of the new nitrogen
dynamics and provides a comprehensive update of the equations, variables, parameters and inputs for the model.
Keywords: process-based model, acid deposition, recovery
Introduction
A number of mathematical models of soil and surface water
acidification in response to atmospheric deposition was
developed in the early 1980s (e.g. Christophersen and
Wright, 1981; Christophersen et al., 1982; Schnoor et al.,
1984; Booty and Kramer, 1984; Goldstein et al., 1984;
Cosby et al., 1985a,b,c). These models were based on
process-level information about the acidification process and
were built for a variety of purposes ranging from estimating
transient water quality responses for individual storm events
to estimating chronic acidification of soils and base flow
surface water. The Model of Acidification of Groundwater
In Catchments (MAGIC) (Cosby et al., 1985a,b,c) has now
been in use for more than 15 years. MAGIC has been applied
extensively in North America and Europe to both individual
sites and regional networks of sites and has also been used
in Asia, Africa and South America. The utility of MAGIC
for simulating a variety of water and soil acidification
responses at the laboratory, plot, hillslope and catchment
scales has been tested using long-term monitoring data and
experimental manipulation data. MAGIC has been widely
used in policy and assessment activities in the United States
and in several countries in Europe.
Several refinements or additions to MAGIC have been
proposed or implemented over the years as a result of the
many applications of the model. These changes address
inadequacies in the original structure revealed by the
repeated application and testing of the model and incorporate
new processes in the model that recent research has indicated
are of increasing importance in natural systems. The
refinements to the original model structure relate to
assumptions regarding aluminium (Al) solubility (e.g.
Sullivan and Cosby, 1998) and organic acid buffering (e.g.
Cosby et al., 1995; Sullivan et al., 1996). The new additions
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to the model provide: (1) a facility for simulating short-
term episodic responses in lakes and streams (e.g. Cosby,
1998); and (2) process-based nitrogen (N) dynamics in soils
controlled by soil N pools (a new formulation described
here for the first time). In light of the accumulated
refinements to the MAGIC model and in consideration of
the fact that the original MAGIC model is still in widespread
use, the refined model is referred here as MAGIC7 (MAGIC
version 7) to distinguish it from the earlier versions of
MAGIC. The objectives of this paper are: (1) to provide a
brief review of the physical, chemical and biological
processes affecting long-term acidification and recovery, and
describe their conceptual inclusion in the MAGIC model;
(2) to give brief descriptions and explanations of the
refinements to the earlier versions of MAGIC that have been
incorporated in MAGIC7; (3) to provide details of the new
N dynamics included in MAGIC7; and (4) to document the
revised mathematical formulation of MAGIC7 including the
equations, parameters and inputs.
Conceptual basis of acidification
models
Research has focused attention on certain biological and
chemical processes in the soils of catchments as keys to the
responses of surface water quality to acidic deposition.
These processes include:
z anion retention by catchment soils (e.g. sulphate (SO4)
adsorption);
z weathering of minerals in catchment soils as a source
of base cations (calcium (Ca), magnesium (Mg), sodium
(Na), potassium (K));
z adsorption and exchange of base cations and Al by
catchment soils;
z buffering of soil solution pH by weak organic acids (e.g.
humic and fulvic acids) and by weak inorganic acids
(e.g. Al hydroxides and carbonic acid);
z formation of Al complexes with fluoride (F) and
sulphate ions and with organic compounds;
z biologically mediated transformations and uptake of
cations and anions (particularly base cations and both
oxidized and reduced N species);
z generation of acid neutralising capacity (ANC) by
dissociation of carbonic acid with subsequent exchange
of hydrogen (H) ions for base cations.
A critical issue is how quickly and to what extent these
processes affect the responses of surface water chemistry
to changes in rates of acidic atmospheric deposition. Water
chemistry changes in response to changed deposition occur
over time scales of years to decades in natural systems. The
model uses existing information to estimate the patterns,
time scales and magnitudes of long-term changes in surface
water chemistry in response to actual or assumed changes
in the levels of atmospheric sulphur (S) and N deposition.
A number of models such as SMART (Posch et al., 1993)
and SAFE (Warfvinge et al., 1993) have been developed to
simulate acidification responses. While the models may vary
in details of their application (different spatial and temporal
scales and resolution), they are all based on similar
conceptualisations of the chemical and physical processes.
MAGIC is a lumped-parameter model of intermediate
complexity, developed to predict the long-term effects of
acidic deposition on soils and surface water chemistry. The
model simulates soil solution chemistry and surface water
chemistry to predict the monthly and annual average
concentrations of the major ions in lakes and streams.
MAGIC represents the catchment with aggregated, uniform
soil compartments (one or two) and a surface water
compartment that can be either a lake (with finite turnover
time) or a stream. The soil layers can be arranged vertically
or horizontally to represent important vertical or horizontal
flowpaths through the soils. If a lake is simulated, seasonal
stratification of the lake can be implemented. Time steps
are monthly or yearly. Time series inputs to the model
include annual or monthly estimates of: (1) deposition of
ions from the atmosphere (wet plus dry deposition); (2)
discharge volumes and flow routing within the catchment;
(3) biological production, removal and transformation of
ions; (4) internal sources and sinks of ions from weathering
or precipitation reactions; and (5) climate data. Constant
parameters in the model include physical and chemical
characteristics of the soils and surface waters, and
thermodynamic constants. The model is calibrated using
observed values of surface water and soil chemistry for a
specified period. Details of the inputs and parameters are
provided below, following a brief consideration of the
physical and chemical processes involved in the acidification
and recovery of soils and surface waters.
PROCESSES AFFECTING ACIDIFICATION AND
RECOVERY
The most important effects of acidic deposition on catchment
surface water chemistry are decreased pH and ANC and
increased base cation and Al concentrations. Reuss (1980;
1983) proposed a simple system of reactions describing the
equilibrium between dissolved and adsorbed ions in the soil-
soil water system. Reuss and Johnson (1985) expanded this
system of equations to include the effects of carbonic acid
resulting from elevated carbon dioxide (CO2) partial pressure
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in soils and demonstrated that large changes in surface water
chemistry should be expected as either CO2 or SO4
concentrations varied in the soil water. The conceptual
approach of Reuss and Johnson is attractive in that a wide
range of observed catchment responses can be theoretically
produced by a rather simple system of soil reactions. These
reactions lie at the heart of MAGIC.
Definition of ANC and soil reactions affecting its
constituents
Acid neutralising capacity is defined as the sum of base
cation concentrations minus the sum of strong acid anion
concentrations:
ANC   =   2(Ca2+)  +  2(Mg2+)  +  (Na+)  +  (K+)
+  (NH4
+) – 2(SO4
2-)  –  (Cl-)  –  (NO3
-)     (1)
where all concentrations are in moles per litre. Considering
the dominant ions in fresh surface waters, and applying
charge balance considerations, the definition of ANC above
(Eqn. 1) is equivalent to:
ANC  =  2(CO3
2-) + (HCO3
-) + (OH-) + m(Am-)
– (H+) – n(Aln+) (2)
where n(Aln+) represents the net charge on the species of
inorganic Al present, and m(Am–) represents the net charge
on the species of organic anion present.
While numerically equivalent, the former definition (Eqn.
(1)) is commonly referred to as the “charge balance ANC”,
while the latter definition (Eqn. (2)) is the familiar definition
of bicarbonate–carbonate alkalinity. Regardless of the
definition used, any chemical or physical process that affects
the concentration of any constituent ion must be considered
in constructing a model of ANC response to atmospheric
deposition. Natural soil processes directly affect ionic
concentrations in both definitions of ANC. Atmospheric
deposition, however, directly affects only the constituents
of the charge balance definition. As these ions change (and
the ANC adjusts) the ionic concentrations in Eqn. (2) are
indirectly affected. In the discussion below, the chemical
processes that affect ANC and that occur naturally in soils
are briefly reviewed, followed by a discussion of the changes
in these processes that can occur as a result of acidic
atmospheric deposition.
Carbon dioxide is produced in soils by respiration. The
CO2 dissolves in soil water to form carbonic acid, which
then dissociates to H ion and bicarbonate (HCO3) and
carbonate ions:
CO2 + H2O   =   H
+ + HCO3
- (3)
Various solid phases of Al trihydroxide exist in soils as a
result of the weathering of primary and secondary minerals
in the soils. Hydrogen ions in soil solution react with these
Al solids to produce inorganic Al in the soil solution:
3H+  + Al(OH)3  =   Al
3+ + 3 H2O (4)
The trivalent Al in solution will undergo a number of
hydrolysis and complexation reactions to produce the array
of Al species represented as n(Aln+) and m(Am-) in the ANC
definition above.
Mineral and organic solids in soils have distributed surface
charges that provide a substrate for cation adsorption and
exchange. Generally, the cation exchange sites on the soil
matrix have a higher affinity for the trivalent Al cation than
for di- or monovalent base cations. An exchange of cations
between dissolved and adsorbed phases results:
Al3+ + BC3X   =  AlX + 3BC
+ (5)
where BC+ represents a base cation and X represents the
soil exchange complex.
Combining the definitions of ANC with a consideration
of these general soil processes, the following conclusions
can be reached: (1) any process that produces strong base
cations increases the ANC of the soil solution; (2) any
process that produces strong acid anions decreases the ANC
of the soil solution; (3) if ANC decreases, pH will decrease
and inorganic Al will increase; and (4) a large strong base
cation exchange pool provides a buffer against ANC change.
The converse statements are also true.
Dependence of ANC on interacting soil processes
To illustrate the reasoning behind the conclusions above,
consider the interactions of these soil processes in a natural
setting (Fig. 1a). As the CO2 partial pressure in the soil
increases due to respiration, H and HCO3 ions are produced
by the dissociation of carbonic acid. The H ions thus
produced dissolve inorganic Al, which in turn displaces a
strong base cation (BC+) from the soil exchange complex.
The overall results are net increases in base cation and HCO3
concentrations, and thus a net production of ANC in soil
solution. If the soil water is removed from contact with the
soil matrix and is exposed to the atmosphere (i.e. soil water
enters a lake or stream channel), the solution will degas
CO2 due to the lower atmospheric partial pressure of CO2.
Because the solution is no longer in contact with the soil,
however, cation exchange reactions do not occur and
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changing the CO2 partial pressure of the HCO3 buffer
solution will result in a change of pH but no net change in
ANC. Thus, the ANC of the soil solution is equal to the
ANC of the stream water, even though CO2 partial pressure
is generally much lower in surface waters.
In this example a single base cation is considered. In real
systems, all four base cations are present and have different
affinities for the soil exchange sites, dissolved trivalent Al
can complex with dissolved anions (e.g. SO4 or F) or can be
hydrated to form dissolved Al (OH), Al(OH)2, Al(OH)3 and
Al(OH)4 species, and organic acids can provide additional
buffering of H ions. These additional complexities can affect
the final pH of the surface water, but they do not change the
ANC. The broad conclusion illustrated by Fig. 1a is that
natural soil processes (in the presence of strong base cations
adsorbed on the soil matrix) result in the production of ANC
in soil solution that can be exported to surface waters.
If there are few exchangeable base cations on the soil
matrix the situation is different (Fig. 1b). Production of
HCO3 and H from dissolved CO2 and mobilisation of Al
from ion exchange or dissolution  proceed as before. There
is, however, now limited possibility of exchange of Al for
base cations (this situation may occur before all base cations
are lost from the soil if the soil affinity for base cations is
large). The soil solution in this case consists primarily of
HCO3, H and Al ions. When the soil water enters the stream,
CO2 degasses consuming one HCO3 and one H ion for each
molecule of CO2 lost. As the concentration of H ions
decreases, the solubility of the Al solid phase is exceeded
and Al precipitates as Al(OH)3, releasing H. These reactions
proceed until a new equilibrium is reached. Again there is
no net change in ANC as the water passes from soil to surface
(although the ANC in this case is nearly zero). The broad
conclusion illustrated by Fig. 1b is that a lack of
exchangeable base cations on the soil matrix means that
there is essentially no possibility of net ANC production in
the soils (and no ANC export to surface waters).
The situation changes when an external source of strong
acid, such as sulphuric acid (H2SO4) from atmospheric
deposition, is added to the soil (Fig. 2a). Some of the SO4
may be retained in the soil by adsorption or reduction
processes, but the remainder will move through the soil.
The H ions that accompanied the SO4 from atmospheric
deposition exchange or dissolve additional Al (relative to
the case with no acidic deposition; Fig. 1a), which in turn
forces the cation exchange reactions to proceed further. As
the base cation concentrations increase, however, relatively
less of the additional Al can be exchanged, and Al
concentration begins to rise also. The amount of additional
Al that can be exchanged (and thus the amount of
atmospheric H that can be buffered) depends on the amount
of exchangeable base cations on the soil. Soils with a large
amount of exchangeable base cations will respond to acidic
deposition by neutralising essentially all of the
atmospherically deposited H. Soils with a small amount of
exchangeable base cations will be able to neutralise little of
Atmosphere
Soil Water
Stream Water
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HCO3
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BC+
H+
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Fig. 1. Schematic illustration of the responses of the system of soil reactions included in MAGIC7 in
the absence of acidic deposition: (a) with exchangeable base cations; and (b) without exchangeable
base cations.
(a) (b)
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the atmospherically derived acidity. In either case, the initial
effects of acidic deposition on catchment soils are increases
in base cation concentrations, an increase in Al
concentration, and a partial reduction of ANC in soil water.
This is termed the “salt effect”(Reuss and Johnson, 1986).
As the soil solution enters the stream, there is again no
change in the net ANC of the soil solution. The base cation
salts of HCO3 and SO4 remain totally dissociated as the pH
rises. The initial effect of adding a strong acid to the system
is to increase the ionic strength of the streamwater. Stream
ANC may not be reduced significantly. The magnitude of
ANC decrease depends largely on the amount of
exchangeable base cations on the soil (i.e. the soil base
saturation). The broad conclusion illustrated by Fig. 2a is
that the acidity of acidic atmospheric deposition can be
largely neutralised in soils that have a large supply of
exchangeable base cations, resulting in little acidification
of surface waters (no decline in pH or increase in inorganic
Al).
If the H2SO4 is added to the soil with few exchangeable
base cations (Fig. 2b), the acidity of the precipitation is
effectively not buffered. As before, some or all of the SO4
passes through the system. The H ion deposited from the
atmosphere exchanges for or dissolves Al. No base cation
exchange occurs so all of the dissolved Al enters the stream.
When the solution degasses, that portion of the Al produced
by the carbonic acid is consumed as Al(OH)3 precipitates.
The excess Al produced by the atmospheric H ion is not
balanced by an equivalent amount of HCO3 alkalinity. As
the stream pH rises, some of the excess Al ions precipitate,
producing free H ions in the stream. The net result is acidic
streamwater with a negative ANC, lower pH and higher Al
concentration. The broad conclusion illustrated by Fig. 2b
is that soils with small pools of exchangeable base cations
are not capable of buffering acidic deposition, with the result
that surface waters will become acidic with declining pH
and increasing inorganic Al.
Long-term production of ANC in natural soils
The reactions illustrated above deal with the initial mass
action shifts in soil equilibrium processes. These equilibria
are assumed to occur instantaneously. The question arises:
what controls the long-term response of the catchment
streamwater chemistry?  Clearly, in the pristine case (Fig.
1), the situation in a catchment would be expected to shift
from that in Fig. 1a to that in Fig. 1b if there were no long-
term supply of base cations to replace those lost from the
exchange sites. That long-term supply must be the base
cations in deposition and the weathering of primary minerals
in the catchment soils. If the system had been operating long
enough to achieve a steady state, the output flux of base
cations in the stream would equal the deposition plus the
primary weathering input fluxes. The degree of base
saturation (fraction of soil cation exchange sites occupied
by base cations) at a steady state is, thus, a function of the
Atmosphere
Soil Water
Stream Water
Al-X
BC-X
CO2
Al(OH)3
HCO3
BC+
BC+
H+ Al 
3+
HCO3
H+
H2SO4
SO4
2-
SO4
2-
H+
H2SO4
SO4
2-
SO4
2-
Al-X
Al(OH)3
HCO3
HCO3
H+
Al 3+
Al 3+
Al 3+
H+   OH -
Al(OH)3
CO2
CO2
OH -   H+
Al 3+
Fig. 2. Schematic illustration of the responses of the system of soil reactions included in MAGIC7 to
the addition of H2SO4 to a soil: (a) with exchangeable base cations, and (b) without exchangeable
base cations. Catchments in sensitive settings exhibit responses to acidic deposition between these
two extremes.
(a) (b)
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atmospheric deposition of base cations, the primary
weathering rate, the cation selectivity of the soil and the
hydrological response of the catchment.
Changes in the production of ANC in response to acidic
deposition
If the steady state catchment is suddenly subjected to acidic
deposition (Fig. 2a), the base cations produced by the mobile
anion effect must be derived from the exchangeable base
cations of the soil. This assumes that primary mineral
weathering is not increased by the acidic deposition. This
assumption seems valid since the net effect of the soil
processes is to buffer the soil pH. Changes in soil pH will
lag the onset of acidic deposition. Unless soil solution pH
changes, primary weathering will not be affected. The
increased loss of base cations from the catchment will move
the system away from the steady state. The base saturation
of soils will decline and the system will move from the
situation depicted in Fig. 2a towards that shown in Fig. 2b.
If the acidic deposition remains constant at a high enough
level, the stream base cation concentrations may eventually
begin to decline after the initial increase due to the salt effect.
When a new steady state is reached, the stream base cation
concentrations will have returned to close to their pre-
acidification levels (stream output of base cations equals
deposition plus unchanged weathering input of base cations).
The increased mobile anion charge will be balanced
primarily by H and Al, and the stream ANC and pH will
have declined. If the deposition acidity exceeds the ANC
production capacity of the catchment, the stream becomes
acidic.
The crucial questions are: How long will it take to reach
the new steady state?  What happens to the system during
the transition?  When acidic deposition decreases, how and
when will the systems return to the pristine state?  It is to
address such questions that mathematical models of soil and
surface water processes have been developed.
Mathematical formulation of  MAGIC
The equations in MAGIC are grouped into three categories
to facilitate the presentation of the mathematical structure
(Table 1). The model is composed of a set of equilibrium
equations which quantitatively describe the equilibrium soil
processes and the chemical changes that occur as soil water
enters the stream channel, a set of mass balance equations
which quantitatively describe the catchment input-output
relationships for base cations and strong acid anions, and a
set of N immobilisation equations that describe the control
of nitrate (NO3) and ammonium (NH4) immobilisation in
catchment soils. The variables, parameters and inputs for
these equations are defined in Tables 2, 3 and 4, respectively.
Cosby et al. (1984, 1985a,b) described the derivation of the
model equations, their assumptions and the solution routines,
and discussed the adequacy of this lumped parameter
representation of soil equilibrium processes. Those
descriptions are summarised briefly below. Refinements that
have been made in MAGIC7 are noted where applicable.
The N immobilisation equations have not been previously
presented and will be considered here in more detail.
EQUILIBRIUM EQUATIONS
Cation and anion exchange in soil water
Cation exchange reactions between the soil matrix and soil
solution are assumed to result in an equilibrium partitioning
of Ca, Mg, Na, K and Al between solid and aqueous phases.
The equilibrium expressions for cation exchange (Table 1)
are constructed using a Gaines-Thomas expression (Gaines
and Thomas, 1953). Exx represents exchangeable fractions
of each base cation on the soil (equivalents of each base
cation per total cation exchange capacity of the soil). The
sum of all exchangeable fractions must equal one. Base
saturation of the soil is defined as the sum of the
exchangeable fractions of the base cations (Table 2). The
selectivity coefficients (Table 3) must be calibrated for each
aggregated soil layer in the model. The calibration procedure
relies on observations of the exchangeable fractions of base
cations in soils and measured base cation concentrations in
streamwater (see Cosby et al., 1984, 1985a,b).
Anion exchange reactions are assumed to occur only for
SO4 ion. The relationship between dissolved and adsorbed
SO4 (Table 1) is assumed to follow a Langmuir isotherm
(Couto et al., 1979; Hasan et al., 1970). MAGIC is a
catchment-scale model and it is often the case that the
effective values of aggregated parameters intended to
represent large-scale function cannot be derived by a direct
scaling-up of similar parameters measured in a laboratory
setting (see Rastetter et al., 1992). The SO4 adsorption
parameters (Table 3) used in MAGIC must, therefore, be
calibrated for each site. Cosby et al. (1986) described a
method for calibrating SO4 adsorption parameters in whole
catchment simulations based on input/output budgets and
deposition histories for the site.
Inorganic aluminium in soil water and surface water
Inorganic Al speciation in soils is described by one reaction
describing the combined effects of soil cation exchange and
dissolution of a solid phase of Al trihydroxide (the
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Table 1. Equations in the MAGIC model. Parentheses denote molar concentration and brackets denote activities (calculated
from concentrations using the extended Debye-Huckel equation).
Equilibrium Equations
Cation and Anion Exchange in Soil Water Ca Mg Na K AlE E E E E+ + + + = 10.
{ }
{ }
32 2
23 3
+
+
=
Ca E
Al E
S
Al
Ca
AlCa
{ }
{ }
32 2
23 3
+
+
=
Mg E
Al E
S
Al
Mg
AlMg
{ }
{ }
3
3 3
+
+
=
Na E
Al E
S
Al
Na
AlNa
{ }
{ }
3
3 3
+
+
=
K E
Al E
S
Al
K
AlK
{ }
{ }
4
2
4
2
4
1/ 2
−
−+
∗ =
SO
C SO
E Emx SO
Inorganic Aluminum in Soil Water and Surface Water { } { }3+ += ∗Al K HAl SAl[ ]
{ }{ }
{ }
2
3 1
+ +
+
=
Al OH H
Al
KAl
( ) { }{ }
{ }
2
3
2
2
+ +
+
=
Al OH H
Al
AlK
( ) { }{ }
{ }
3
3
3
3
oAl OH H
Al
AlK
( ) +
+
=
{ }{ }
{ }
4
4
3 4
− +
+
=
Al OH H
Al
KAl
( )
{ }
{ }{ }
2
3 5
+
+ −
=
AlF
Al F
KAl
{ }
{ }{ }
2
3 2 6
+
+ −
=
AlF
Al F
KAl
{ }
{ }{ }
3
0
3 3 7
AlF
Al F
KAl
+ −
=
{ }
{ }{ }
4
3 4 8
−
+ −
=
AlF
Al F
KAl
{ }
{ }{ }
5
2
3 5 9
−
+ −
=
AlF
Al F
KAl
{ }
{ }{ }
6
3
3 6 10
−
+ −
=
AlF
Al F
KAl
{ }
{ }{ }
+
+ −
=
Al SO
Al SO
KAl
( )4
3
4
2 11
{ }
{ }{ }
24
3 2
4
2 12
−
+ −
=
Al SO
Al SO
KAl
( )
Inorganic and Organic Carbon in Soil Water and Surface Water;  Dissociation of Water
{ }{ }+ − =H OH Kw { }2 3
2
21
H CO
P
K
CO
CO
*
=
{ }{ }
{ }
3
2 3
22
− +
=
HCO H
H CO
KCO*
{ }{ }
{ }
3
2
3
32
− +
−
=
CO H
HCO
KCO
{ }{ }
{ }
2
3
1
H A H
H A
KOA
− +
=
{ }{ }
{ }
2
2
2
− +
−
=
HA H
H A
KOA
{ }{ }
{ }
3
2
3
− +
−
=
A H
HA
KOA
{ }
{ }{ }
AlA
Al A
KOA
3 3
4
+ −
=
{ }
{ }{ }{ }
+
+ + −
=
Al H A
Al H A
KOA
( )
3 3
5
Mass and Ionic Balance
Ionic Balance in Soil Water and Surface Water
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )2 2 3 2 22 2 4 3 2 2 2 2 4+ + + + + + + + + + + + ++ + + + + + + + + + + +Ca Mg Na K NH H Al AlOH Al OH AlF AlF AlSO Al H A( ) ( )
= ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )2 2 2 3 242 3 3 32 2 2 3 4 4 52− − − − − − − − − − − − −+ + + + + + + + + + + +SO Cl NO F OH HCO CO H A HA A Al OH AlF AlF( )
( ) ( )+ +− −3 63 24AlF Al SO( )
Mass Balance for Ions in Soil Water and Surface Water (rates of change in eq m-2  yr -1 )
( )T Ca Ca CadCadt AD W SS Q Ca= + + − ∗ +2 2 ( )3 3 3 3 3 3 3T NO NO NO NO NOdNOdt AD W SS NIT IM UP DEN Q NO= + + + − − − − ∗ −
( )T Mg Mg MgdMgdt AD W SS Q Mg= + + − ∗ +2 2 ( )4 4 4 4 4 4 4T NH NH NH NH NHdNHdt AD W SS MIN IM UP NIT Q NH= + + + − − − − ∗ +
( )T Na Na NadNadt AD W SS Q Na= + + − ∗ + ( ) ( ) ( )[ ]4 4 4 4 42 4 242 2T SO SO SOdSOdt AD W SS Q SO AlSO Al SO= + + − ∗ + +− + −( )
( )T K K KdKdt AD W SS Q K= + + − ∗ + ( )T Cl Cl CldCldt AD W SS Q Cl= + + − ∗ −
( ) ( ) ( ) ( ) ( ) ( ) ( )[ ]T F F FdFdt AD W SS Q F AlF AlF AlF AlF AlF AlF= + + − ∗ + + + + + +− + + − − −2 2 30 4 52 632 3 4 5 6
Mass Balance  for Soil Organic Matter (rates of change in mol m -2  yr -1 )
Org
Org Org
dC
dt
C C DCMPIN OUT= − −
Org
NO NH
Org
IN
Org
OUT
dN
dt
IM IM MIN
C
C N
C
C N
IN OUT
= + − + −3 4 ( / ) ( / )
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Nitrogen Immobilization Equations
Immobilization of Nitrate and Ammonium by Soil Organic Matter (mol m-2 yr-1)
[ ]NO NO NO NO NO NOIM P AD SS W NIT UP3 3 3 3 3 3= ∗ + + + − [ ]NH NH NH NH NH NHIM P AD SS W MIN NIT UP4 4 4 4 4 4= ∗ + + + − −
        where   PNO3 = [C/N-CNLONO3]/[CNUPNO3-CNLONO3];          where   PNH4 = [C/N-CNLONH4]/[CNUPNH4-CNLONH4];
                       = 1 if C/N > CNUPNO3;   = 0 if  C/N < CNLONO3             = 1 if C/N > CNUPNH4;   = 0 if  C/N < CNLONH4
State Variables    (functions of time, calculated by model)
Aqueous Phase - Ionic Concentrations  in Soil Water and Surface Water (mol m-3)
Base Cations: ( ) ( ) ( ) ( ) ( )2 2 4+ + + + +Ca Mg Na K NH, , , , Strong Acid Anions: ( ) ( ) ( ) ( )42 3− − − −SO Cl NO F, , ,
Hydrogen and Hydroxyl Ions: ( ) ( )+ −H OH, Inorganic Carbon: ( ) ( ) ( )2 3 3 32H CO HCO CO* , ,− −
Aluminum:   ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )3 2 2 30 4 2 2 30 4 52 63 4 24+ + + − + + − − − + −Al AlOH Al OH Al OH Al OH AlF AlF AlF AlF AlF AlF AlSO Al SO, , ( ) , ( ) , ( ) , , , , , , , , ( )
Organic Carbon: ( ) ( ) ( ) ( ) ( ) ( )3 2 2 3H A H A HA A AlA Al H A, , , , , ( )− − − +
Solid Phase - Exchangeable Ions on Soil Matrix; Soil Organic Matter Constituents
Exchangeable Cations (fraction): Ca Mg Na K AlE E E E E, , , , Exchangeable Sulphate (eq kg
-1):  SOE 4
Organic Carbon and Nitrogen (mol m-2): Org OrgC N,
Defined Variables     (derived from state variables)
Total Ions for Mass Balance (eq m-2) 4 4 4T SO SOSO SM E SV TOT= ∗ + ∗
( )T CaCa SM CEC E SV Ca= ∗ ∗ + ∗ +2 2 ( )T NaNa SM CEC E SV Na= ∗ ∗ + ∗ + ( )3 3TNO SV NO= ∗ −       ( )TCl SV Cl= ∗ −
( )T MgMg SM CEC E SV Mg= ∗ ∗ + ∗ +2 2 ( )T KK SM CEC E SV K= ∗ ∗ + ∗ + ( )4 4TNH SV NH= ∗ +        T FF SV TOT= ∗
Total  Aqueous Concentrations (eq m-3)
 
( ) ( ) ( ) ( )SBC Ca Mg Na K= + + ++ + + +2 22 2 Al TOTTOT Al= 3( ) ( ) ( ) ( ) ( ) ( ) ( )FTOT AlF AlF AlF AlF AlF AlF= + + + + ++ + − − −2 2 30 4 52 632 3 4 5 6
( ) ( ) ( ) ( )SAA SO Cl NO F= + + +− − − −2 42 3 Al DOCDOC Al= 3( ) ( ) ( ) ( )SOTOT SO AlSO Al SO4 42 4 242 2 4= + +− + −( )
Summed Species (mol m-3)           ( ) ( ) ( )SOAl AlSO Al SO4 4 24= ++ −( )         ( ) ( )DOCAl AlA Al H A( ) ( )= + +
( ) ( ) ( ) ( )OHAl AlOH Al OH Al OH Al OH( ) ( ) ( ) ( )= + + ++ + −2 2 30 4          ( ) ( ) ( ) ( ) ( ) ( )FAl AlF AlF AlF AlF AlF AlF( ) = + + + + ++ + − − −2 2 30 4 52 63
( ) ( ) ( ) ( ) ( )TOT SO OH F DOCAl Al Al Al Al Al( ) = + + + ++3 4               ( ) ( ) ( ) ( ) ( ) ( )TOTOA H A H A HA A AlA Al H A( ) ( )= + + + + +− − − +3 2 2 3
Charge Balance Alkalinity (eq m-3)       ( )CALK SBC NH SAA= + ++4 Soil C/N ratio C N C
N
Org
Org
/ =
Solution pH, pAl     ( )pH H= − +10log     ( )pAl Al= − +10 3log          Soil Base Saturation      Ca Mg Na KBS E E E E= + + +
Table 2. Variables in the MAGIC model. Parentheses denote molar concentrations.
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Table 3. Parameters in the MAGIC model.
Soil Physical/Chemical Properties Surface Water properties
D = depth (m) CEC = cation exchange capacity (eq kg-1) RT = retention time (yr)
P = porosity (fraction) C½ = sulphate adsorption half saturation (eq m
-3) RA = relative area of lake/stream
(fraction)
BD = bulk density (kg m-3) Emx = sulphate adsorption Maximum (eq kg
-1) KAl = aluminium solubility constant
(log10)
SM = soil mass (D*BD) KAl = aluminium solubility constant (log10) SAl = slope of pH-pAl relationship
SV = soil pore volume (D*P) SAl = slope of pH-pAl relationship
Aqueous Phase – Equilibrium Constants (log10)
Organic Acid:
321 OAOAOA K,K,K
Organic Aluminium:
54 OAOA K,K
Inorganic Aluminium Speciation:
121110987654321 AlAlAlAlAlAlAlAlAlAlAlAl K,K,K,K,K,K,K,K,K,K,K,K
Inorganic Carbon Speciation and Dissociation of water:
wCOCOCO K,K,K,K 322212
Solid Phase – Weathering and Exchange Constants
Cation Exchange Selectivity Coefficients (log10): AlKALNaAlMgAlCa S,S,S,S
Weathering Rates (eq m-2 yr-1):
FNOClSONHKNaMgCa W,W,W,W,W,W,W,W,W 344
(can be pH dependent)
Soil Organic Matter – Nitrogen Immobilization Constants
Upper C/N Threshold (C/N above this value – 100% immobilization):
43 NHNO CNUP,CNUPLower C/N Threshold (C/N below this value – 0% immobilization):
43 NHNO CNLO,CNLO
expression for equilibrium dissolution of Al trihydroxide is
mathematically equivalent to the expression for cation
exchange of H and Al), and twelve reactions involving
formation of aqueous complexes of Al. The same reactions
are assumed to occur in surface waters with the exception
of cation exchange. The Al speciation reactions are
represented in the model by a series of equilibrium equations
(Table 1). Values of the equilibrium constants for the
aqueous phase complexation reactions (Table 3) can be
found in the literature. The Al solubility constants for the
soils in the model are represented by aggregated values that
account for both cation exchange and solution-dissolution
of a solid phase. These values are not, therefore, necessarily
associated with a particular crystalline form of Al(OH)3 and
must be selected as part of the calibration process.
Refinement. The relationship between Al and H in surface
waters has generally been modelled using a cubic
relationship based on an assumed equilibrium with a solid
form of Al trihydroxide in surface waters. The cubic
relationship arises from the equilibrium expression for this
solubility reaction:
{Al3+}/{H+}3 = KSO (6)
where brackets denote activities and KSO is the solubility
product of the dissolution reaction. This relationship can
also be expressed as a linear equation with slope of  three
and an intercept as:
pAl  =  3pH  -  KAl (7)
where pAl and pH are the negative logarithms (base 10) of
Al and H ion activities and KAl is the logarithm (base 10) of
the solubility product for the reaction. Model estimates of
changes in the concentration of Al in surface waters using
this formulation, however, have shown a consistent pattern
Parameters (constant values that must be specified)
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Input Fluxes and Conditions   (functions of time that must be specified)
Conditions are annual averages (monthly averages are specified for seasonal simulations)
Temperature (oC), Carbon Dioxide (atm), Organic Acid (mol m-3):     TEMP P OACO TOT, , ( )2
[CO2 partial pressure and Organic Acid concentration control the weak inorganic and organic carbon buffers]
            Fluxes are annual values (monthly fractions of annual fluxes are specified for seasonal simulations)
Catchment Discharge (m yr-1) and Flow Fractions: Q F F F, , ,1 2 3
[Flow fractions specify the pathway of water flux through the modelled system and can vary seasonally]
Atmospheric  Deposition (eq m-2 yr-1):     Ca Mg Na K NH SO Cl NO FAD AD AD AD AD AD AD AD AD, , , , , , , ,4 4 3
[Deposition is specified as the product of precipitation concentrations and amount, scaled by a dry deposition factor]
Sources and Sinks of  Ions (eq m-2 yr-1):     Ca Mg Na K NH SO Cl NO FSS SS SS SS SS SS SS SS SS, , , , , , , ,4 4 3
[Sources and sinks are distinct and represent processes, inputs or outputs not explicitly included in the model]
Sources and Sinks of Organic Carbon and Nitrogen (mol m-2 yr-1):     
IN OUTOrg Org IN OUTC C C N C N, , ( / ) , ( / )
[Organic nitrogen sources and sinks are derived from the carbon sources and sinks and the specified C/N ratios]
Decomposition; Mineralization (mol m-2 yr-1):        DCMP C N MIN DCMP
C NDCMP DCMP
, ( / )
( / )
=
[Nitrogen mineralization is derived from the carbon decomposition and the specified C/N ratio]
Plant Nitrogen Uptake, Nitrification and  Denitrification (mol m-2 yr-1):     NO NHUP UP NIT, DEN3 4, ,
[Plant uptake is net uptake into plant biomass; separate uptake fluxes are specified for nitrate and ammonium ions]
 The flow fractions determine atmospheric deposition fluxes into each soil and surface water compartment.
Other fluxes and conditions must be specified separately for each model compartment (if appropriate).
Initial Values
            Initial values of these state variables must be specified for each model compartment (if appropriate)
Cation and Anion Concentrations (mol m-3):      ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )2 2 4 42 3+ + + + + − − − −Ca Mg Na K NH SO Cl NO F, , , , , , , ,
Exchangeable Ions (fraction):     Ca Mg Na KE E E E, , ,            Soil Organic Matter (mol m
-2):     Org OrgC N,
Table 4. Inputs to the MAGIC model.
of overestimating the change in Al concentration in response
to experimental treatment (Sullivan et al., 1995), even when
the constant KAl is estimated from observed Al data for a
given site. Sullivan and Cosby (1998) examined the
relationship between pH and pAl for surface waters with
pH in the range 4 to 6 using observations from several
different regions of the eastern United States. The slope of
the relationship was consistently near two for these data,
ranging from 1.82 to 2.34. These results suggest that, for
model simulation of Al concentrations, an empirically
determined slope (SAl) of the pH-pAl relationship should
be used along with the fitted value of KAl. The values of
these constants should be based on local observations of Al
dynamics in surface waters. The MAGIC7 model
incorporates these suggestions and requires values for both
KAl and SAl (Tables 1 and 3) for soil compartments as well
as surface water compartments.
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Inorganic and organic carbon  in soil water and surface
water; dissociation of water
Inorganic carbon (C) reactions in MAGIC7 consist of
dissolution of CO2 to form carbonic acid, followed by
dissociation to HCO3 and CO3. These reactions are assumed
to occur both in soil solution and in surface waters in the
model and can be represented by equilibrium equations
(Table 1) whose “constants” are temperature dependent.
Values of the equilibrium “constants” for the CO3-HCO3
system and for the dissociation of water (Table 3) and their
temperature dependencies are well known and can be found
in the literature.
Organic acids are the dominant form of dissolved organic
material in natural waters (e.g. McKnight et al., 1985; David
and Vance, 1991). Organic acids are effective H ion buffers
and can form complexes with inorganic Al. Considerable
evidence has accumulated suggesting that organic acids
influence the response of surface waters to changes in strong
acid inputs, most likely by changes in the protonation of
the organic acid anions (see Wright, 1989). Organic acids
were not included in the original formulation of MAGIC
because specification (and calibration) of organic acid
analogue models was hampered by lack of data on organic
acid behaviour (e.g. Jenkins and Cosby, 1989). In 1994,
Driscoll et al. (1994) compared several organic acid
analogue models (mono-, di-, and triprotic organic acid
analogues and the model of Oliver et al., 1983) with respect
to their abilities to resolve mass balance discrepancies in
measured water samples from Adirondack lakes. They
concluded that organic acids were important buffers in
surface waters even when dissolved organic carbon (DOC)
was low. They obtained the best agreement between
predicted and observed pH values using a triprotic organic
acid analogue model. A triprotic organic acid analogue
model can also be used to describe the complexation of Al
by organic solutes (Schecher and Driscoll, 1993; Driscoll
et al., 1994).
Refinement. A triprotic organic acid analogue model was
incorporated into the structure of MAGIC (Tables 1 and 3).
The triprotic acid undergoes three dissociation  reactions:
H3A   =   H
+ + H2A
- (8)
H2A   =   H
+ + HA2- (9)
HA   =   H+ + A3- (10)
The trivalent organic anion reacts with trivalent Al to form
organic-Al complexes:
Al3+  +  A3-   =   AlA (11)
Al3+  +  H+  +  A3-   =   Al(H)A+ (12)
Sullivan et al. (1996) evaluated the importance of adding
the triprotic organic acid analogue model to MAGIC by
comparing MAGIC hindcast simulations (done with and
without organic acids) with historical reconstructions of lake
pH inferred from diatom stratigraphy in the sediments of a
group of Adirondack lakes. Cosby et al. (1995) examined
the improvements in model simulation of pH using data from
the RAIN (see Wright et al., 1993) and HUMEX (see
Gjessing, 1994a,b) experiments in Norway, where it had
been demonstrated that changes in organic acid contributions
to ionic concentrations were important in moderating the
response of H ion to changes in acid inputs. In both the
regional evaluation in the Adirondack Lakes and the site-
specific evaluations in Norway, the inclusion of a triprotic
organic acid in MAGIC improved significantly the ability
of the model to match the observed data.
MASS AND IONIC BALANCE EQUATIONS
The model as generally applied is implemented with one or
two soil layers and a surface water compartment. The soil
characteristics are aggregated and assumed to be
representative for the whole catchment. If two soil layers
are employed, they may be arranged vertically (to represent
horizons or layers within a soil profile), or horizontally to
represent different soil types within a catchment (e.g.
hillslope vs riparian soils). The routing of flow into or out
of the two soils, however arranged, can be varied from
month-to-month to simulate details of seasonal cycles in
hydrology and meteorology. It is thus possible, with a
relatively simple structure, to emulate complex patterns of
water and mass movement within the catchment, including
the accumulation and melt of snowpacks. If more spatial
resolution is needed, the original catchment soil types (or
soil profile) can be divided into sub-catchments (or sub-
horizons) and each sub-catchment (or sub-horizon) can be
modelled separately. When the outflows of the multiple
models are appropriately re-combined, the catchment
outflow can be simulated.
The surface water compartment in MAGIC can be used
to simulate either streams or lakes. In either case, the surface
water compartment receives deposition inputs directly from
the atmosphere as well as drainage from the terrestrial
portion of the catchment. If lake simulation is chosen, the
retention time of water within the lake must be specified.
For seasonal simulations, the lake can be stratified with
catchment inflows entering and lake discharge leaving the
B.J. Cosby, R.C. Ferrier, A. Jenkins and R.F. Wright
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epiliminion. As the stratification deepens, ions initially
included in the hypolimnion are entrained into the
epilimnion and can leave the lake. When the lake is
unstratified, the entire volume of the lake is mixed with the
terrestrial drainage. Sources and sinks of ions within the
water column can be specified, as can a loss to the sediments
due to settling or interactions of the water column with lake
sediments.
Within each compartment in the model, mass balance is
required for the total amounts of base cations and strong
acid anions (Table 1). That is, input minus output of each
mass balance ion must equal the rate of change of the total
amount of that ion in each compartment of the model. Total
amounts in surface water compartments are calculated from
concentrations and the water volume. In soil compartments,
total amounts include both dissolved amounts in the pore
water and adsorbed amounts (if applicable) on the soil
matrix. Process related inputs (Table 4) are by atmospheric
deposition, primary mineral weathering (in soil
compartments) and biological production (decomposition
and mineralisation). Process related outputs are by drainage
water discharges or biological removal (uptake or
immobilisation). Unspecified sources and sinks of each ion
are also available in the model. These may be used to
simulate processes or perturbations not explicitly
represented in the model (such as experimental additions of
ions, losses of ions resulting from land use changes, etc.).
The long-term changes in atmospheric deposition
necessary as inputs to drive the model can be derived by
separate models of deposition and interception by the forest
canopy such as DEPUPT (Johansson et al., 1996) and
MAKEDEP (Alveteg et al., 1998).
While there is a number of ordinary differential equations
in the model, not all of the variables and processes in
MAGIC can be represented in a continuous state-space. As
a result, the usual routines used to solve systems of coupled
ordinary differential equations (e.g. Runge-Kutta, Gelerkin,
Predictor/Corrector, etc.) cannot be used. Instead a
numerical integration routine has been especially developed
for MAGIC based on knowledge of the dynamics of the
non-state-space variables. Simply stated, the model
equations are solved using a finite difference framework.
At each time step during model simulation, inputs and
outputs are added or subtracted from each compartment,
new total amounts are calculated, and the equilibrium
equations are solved subject to the constraint of ionic balance
(Table 1) to derive the concentrations of the state variables
(Table 2) for that time step. The new concentrations in each
compartment are then used with the flow routing for that
time step to calculate outputs for the current time step (and
thus some of the inputs for the next time step). The output
resolution of MAGIC for long-term simulation is either
annual or monthly. The time steps for the numerical
integration are, thus, at least annual or monthly, but may be
more frequent if needed to assure numerical stability of the
integration routine.
Despite the focus on annual or monthly resolution during
long-term simulation, the model has a facility to simulate
the water quality of storm episodes using a two-component
mixing model approach. Water from atmospheric deposition
and/or any  (two) compartments in the model can be mixed
in any ratio. The resulting episode water chemistry is
determined using the same mass balance and equilibrium
equations that are applied for surface waters in the model
(i.e. no cation or anion exchange following mixing). It is
frequently the case in acidifying or recovering catchments
that storm episode chemistry is considerably more acidic
than baseflow or annual average chemistry. The ability to
simulate long-term changes in the episodic response of a
catchment can be important for understanding patterns of
acidification and recovery.
NITROGEN IMMOBILISATION EQUATIONS
Concern was expressed a decade ago about the possible
adverse effects of atmospheric deposition of N compounds
on soils, forests and waters. There is now evidence that some
forests in Europe and North America are becoming N
saturated, leading to enhanced NO3 leaching in drainage
waters (e.g. Emmett et al., 1993; Stoddard, 1994; Dise and
Wright, 1995). Recent Experimental results from the
NITREX Project (Wright and van Breemen, 1995;
Gundersen et al., 1998; Emmett et al., 1998) have provided
insights into the controls on N cycling and have enabled
the development of empirical models that relate N retention
to the C and N characteristics of soil organic matter. It is
important to incorporate this new process level
understanding into dynamic models of acidification
responses.
There were no process-based mechanisms for N retention
in soils in the original version of MAGIC. Ferrier et al.
(1995) and Jenkins et al. (1997) modified MAGIC to
produce a new coupled S and N model (MAGIC-WAND)
to address concerns over the interaction of S and N
deposition on soil and surface water acidification. The model
used many of the same processes included in MAGIC7 but
did not introduce an internal pool of stored N in the soil
compartments. All of the N processes in MAGIC-WAND
were rate-based and there was no internal state variable that
could change the rates as N accumulated in the simulated
systems (no feedback). Cosby et al. (1997) and Emmett et
al. (1997) constructed a model (MERLIN) to deal explicitly
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with N dynamics in soils. The MERLIN model was based
on both rates and internal pools and proved more capable
of simulating N dynamics. MERLIN, however, did not
simulate the acid-base processes. The new N dynamics
included in MAGIC7 are based conceptually on the
empirical model described by Gundersen et al. (1998) (see
also Tietema and Beier, 1995; Emmett et al., 1995). The
mathematical formulation and process representations of the
N dynamics derive from a simplification of the structure of
the MERLIN model. The remainder of the acid-base
dynamics are derived from MAGIC as refined above.
New Processes. MAGIC7 simulates two species of
inorganic N in soil and surface waters: NO3 and NH4. Major
processes affecting these ions in soils have been incorporated
explicitly or implicitly into the model: atmospheric
deposition, nitrification, denitrification, mineralisation,
uptake by plants, litter production, decomposition,
immobilisation into soil organic matter, and export in
discharge water (Fig. 3). Provision is made in the model for
additions of NO3 or NH4 by processes not explicitly
represented in the model (i.e. separate source and sink terms
for simulation of fertilisation, etc.). The inclusion of dynamic
equations for N cycling within the model required the
introduction of a soil organic matter pool for each soil
compartment being simulated. As with the acid/base
components of MAGIC, the organic matter pool is
aggregated in space and time. The intention, however, is
that this compartment be observable and/or interpretable at
the plot or catchment scale. The N and C contents of this
organic matter pool are state variables (Table 2) simulated
by the model in response to changing inputs or conditions
in the soil solution.
Atmospheric deposition of NO3 and NH4, and
denitrification rates must be specified as inputs to the model.
Nitrification (conversion of NH4 to NO3) is modelled as a
first-order process and a rate constant must be provided.
Plant uptake and litter production must be specified as
inputs. The important aspect of the plant N-cycle with
respect to acidification and recovery, however, is the long-
term net uptake of N species and the model can be
implemented using a net uptake term and setting the litter
term to zero. The net uptake term represents net storage of
N by the plants (primarily the N stored in wood and large
roots). Mineralisation in the model represents the net release
of N bound in organic matter. The mineralisation product is
NH4. Mineralisation rates depend on C decomposition rates
(Table 4) and the C/N ratio of the organic matter pool.
Immobilisation of inorganic N into the soil organic matter
is controlled by the C/N ratio of the soil organic compartment
(Table 1; Fig. 4). If the C/N ratio is above an upper threshold
value (CNUP) immobilisation of  inorganic N is complete. If
the C/N ratio is below a lower threshold value (CNLO) there
is no immobilisation of inorganic N. The percentage of
inorganic N immobilised varies linearly from 100% to 0%
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Fig. 3. Schematic illustration of the pools and fluxes included in MAGIC7 for use in simulating
the dynamics of organic and inorganic N in soils.
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as the C/N ratio of the organic matter declines from CNUP to
CNLO during the simulation. This empirically-based method
for estimating immobilisation rates requires that the upper
and lower threshold C/N values be calibrated for each site.
Separate upper and lower thresholds for NO3 and NH4 are
included (Table 3) to allow for preferential immobilisation
of one ion over the other. The inorganic N immobilised from
soil solution is added to the organic N in the organic pool,
lowering the C/N ratio of that pool. In this manner there is
a decline in the C/N ratio of the simulated soil organic pool
as N from deposition is accumulated. As the declining C/N
crosses the upper threshold, leaching of inorganic N begins
and gradually increases as C/N declines further.
The equations affecting N are processed sequentially at
each time step. Ammonium and NO3 from deposition and
NH4 from mineralisation are added to the soil solution. The
current nitrification rate is then calculated and NH4 is
removed (and NO3 added) to the soil solution. Next, the net
uptake requirement of the plants is satisfied by removing
inorganic N from soil solution (NH4 is removed first,
followed by NO3). If the available inorganic N concentration
in soil solution is not sufficient to satisfy the plant
requirement, the additional N needed may be removed from
the soil organic matter pool. If inorganic N remains in soil
solution following the plant uptake, immobilisation into the
soil organic matter pool is calculated and the appropriate
amounts of NO3 and NH4 are removed from soil solution.
Finally, after all biotic demands for inorganic N are satisfied,
any NO3 or NH4 remaining in the soil solution is leached
from the soil with the soil water drainage.
Time series of inputs and outputs of organic C (and the
C/N ratios of that organic matter) are required as inputs to
the model (Fig. 3; Table 4). Initial values of both C and N in
the organic matter pool are also needed. If the organic inputs
and outputs are set to zero for all time in the simulation, the
organic C content of the organic matter pool will not change.
The N content will, however, vary during simulation as
immobilisation and/or mineralisation occurs. In order for
this aggregated representation of the N cycle to function
properly in the model, the characteristics of the soil organic
matter pool must be properly identified. Generally, the
lumped organic matter pool can be taken to represent the
forest floor and upper organic soil horizons of a catchment
and the C content of these layers can be measured or
estimated for use in the model. If only one soil compartment
is included in a model application, however, the simulated
C pool represents the entire organic matter content of the
soil column that is actively involved in N storage.
This highly aggregated approach to modelling N retention/
release in soils is analogous to the approach used in MAGIC
for modelling base cation exchange in soils. The overall
catchment budgets of both types of ions (inorganic N and
base cations) are important for simulating acidification
responses. The base cation dynamics are controlled by a
capacity factor (the total cation exchange capacity of the
soils) and by an intensity factor (current base saturation or
fraction of the total exchange capacity occupied by base
cations). Both factors are crucial in determining the future
(or past) responses of catchment soils to acidic deposition.
The intensity factor determines the cation exchange and
buffering that can occur at any time (low base saturation
provides little base cation exchange, etc). The capacity factor
determines the length of time it takes for the intensity factor
to change (number of years of leaching to produce lower
base saturation).
The aggregated organic matter pool functions similarly
for N retention in that there are both capacity and intensity
factors in the conceptual formulation. The intensity factor
is the C/N ratio of the organic matter pool at any time
(retention is complete for high C/N values, etc). Retention
of N, however, results in a lower C/N of the organic matter
and as C/N declines, N saturation can begin to occur. The
quickness with which C/N changes is controlled by the
capacity factor (the total  pool of organic C available to
immobilise N in the soils). The scales of aggregation and
conceptual interpretation are essentially the same in
MAGIC7 for the capacity and intensity factors of both the
base cation exchange processes and N retention processes.
If this simplified structure for N dynamics can reproduce
adequately observed soil and surface water chemistry and
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Fig. 4. Immobilisation of inorganic N (both NO3 and NH4) is a
function of the C/N ratio of the soil organic pool. Immobilisation is
100% of input N whenever the C/N ratio is above the upper
threshold (C/NUP), and is 0% when the C/N ratio is below the lower
threshold (C/NLO).
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changes in that chemistry in response to experimental
manipulations, then MAGIC7 has clear advantages for both
site specific and regional applications as a model of
acidification responses to coupled S and N deposition. A
first application to several experimentally manipulated
catchments (Wright et al., 1998; Jenkins et al., 2001; Jenkins
and Cullen, 2001) suggests that MAGIC7 will continue to
function as a robust and reliable tool for both scientific and
assessment activities.
Discussion
MAGIC is one of several widely-used models of soil and
water acidification. Others such as SMART (Posch et al.,
1993) and SAFE (Warfvinge et al., 1993) are in many
respects similar; model comparisons show strengths and
weaknesses of various models (Warfvinge et al., 1992;
Tiktak and van Grinsven, 1995). Uncertainties from data
aggregation, parameter inputs and model structure have also
been addressed (Barkman and Alveteg, 2001; Larssen et
al., 2000).
Simulation models of catchment hydrobiogeochemistry
are useful tools for projecting the potential future response
of terrestrial and aquatic resources to assumed or anticipated
ecosystem perturbations (such as changes in land use,
atmospheric deposition, climate, etc). Such projections are
commonly used to integrate or synthesise scientific
understanding of the dynamics of natural ecosystems. Such
projections are also often used as the basis or justification
for public policy and legislation concerning management
of natural resources. A continuing concern in using models
either to summarise our current knowledge or to assist in
making policy decisions is the level of confidence that can
be placed in the model projections. While “verification” or
“validation” of a mathematical model of a natural system is
problematic (in essence because natural systems are never
closed, model results are non-unique, and “truth” cannot be
proved absolutely; see the discussion by Oreskes et al.,
1994), model “confirmation” is possible. That is, as a model
is repeatedly tested against observation and/or experiment
and found to produce satisfactory results, confidence in the
model increases and the continued use of the model for either
scientific or managerial activities is supported.
The model confirmation process is, however, seldom
successful at every step. As new or more extensive data
become available, one or more aspects of the original model
structure may be found wanting even as the overall
performance of the model continues to be adequate. It is
then appropriate to refine the model to include or improve
the simulation of the missing or misrepresented phenomena.
In the case of failure of the model when applied to a novel
situation, the whole mathematical structure (and conceptual
basis) of the model may be called into question. Most models
of natural systems, however, are formulated only after
extensive observation and experience with the system in
question (i.e. few natural system models are built from “first
principles”) and/or must be calibrated using empirical
observations of the dynamics of the system (i.e. few natural
system processes can be described by “universal constants”).
As a result, most mathematical models are sufficiently well-
constrained by the behaviour of the real system they
represent that structural failures are rare and usually occur
early in the model development.
Robust and reliable natural system models thus emerge
from a confirmation process that is cyclic and progressive
and that resembles the paradigm of the scientific method. A
model structure is developed based on observed behaviour
of a natural system. The model is tested against further (new)
observations. If differences between simulated and observed
behaviour are acceptable, the model is judged adequate and
left unchanged.  If the differences are unacceptable, the
model structure is refined to improve its performance. In
either case, confidence in the model is increased which leads
to more applications which lead to further refinement and/
or confirmation. Models that successfully pass through
several iterations of this procedure become the workhorses
of scientific and managerial applications. The demise of such
a model usually occurs not because of an inherent and
suddenly discovered flaw. Rather such models pass out of
favour because new technology or algorithms make possible
more detailed and/or explicit models or the questions the
model was designed to address no longer have scientific or
policy relevance.
MAGIC is designed to operate at the catchment (or lake
and catchment) scale. Thus many of the necessary input
parameters required represent catchment-aggregated values.
Derivation of these from measurements at one or more points
within the catchment is an important step in the modelling
process and is often relatively time consuming. The process
does in part, however, provide a quantitative check by the
model on the consistency of the data.
The refinements of assumptions in MAGIC7 regarding
Al solubility and organic acids and the inclusion of an
episodic response algorithm have resulted in improved
performance of the model in simulating surface water pH
and Al concentrations. While these changes were warranted
based on observations and have been successfully tested in
a number of applications, they do not represent fundamental
changes in the structure of MAGIC (they do not affect ANC
or soil base saturation, the fundamental acidification
response variables in MAGIC) nor do they require
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observations of new variables in order to be implemented.
The inclusion of the new N dynamics, however, does
represent a basic conceptual modification of the original
MAGIC model. Two new state variables were introduced
(soil organic C and soil organic N) and observations of these
variables will be needed to constrain and calibrate model
simulations. The new processes directly control both NH4
and NO3 ions in soil solution (directly affecting ANC and
soil base saturation) and, thus, can have significant effects
on both long-term and short-term simulation of acidification
responses.
Given the magnitude of N deposition in many parts of the
world and the potential effects of N leakage from catchment
soils, the ability to simulate N dynamics of catchments
correctly is becoming a prerequisite for models of surface
water responses to atmospheric deposition. The conceptual
structure of N dynamics in MAGIC7 is based on extensive
observation and experimentation. The first applications of
MAGIC7 to utilise the N dynamics (Wright et al., 1998;
Jenkins et al., 2001) shows the approach to be consistent
with the behaviour of natural systems. These are good first
steps in the confirmation process, the same as were taken
with the original MAGIC formulation over fifteen years ago.
Over the next few years, as MAGIC7 is used to simulate
responses to N deposition, as more observations of N
dynamics are reported and as experimental or observational
tests of the refined model are devised, the new conceptual
construct included in MAGIC7 will be thoroughly tested.
Conclusions
The MAGIC model of acidification has been subjected
extensively to testing and confirmation over a 15 year period
and to many applications (see references cited here and in
Appendix I). MAGIC has been used in scientific studies, as
a tool in establishing management practices and as an aid in
making policy decisions regarding controls on emissions.
Overall the model has proven to be robust, reliable and useful
in all of these activities. The longevity and utility of MAGIC
results as much from the philosophical approach to its
formulation (empirically-based, compatible with readily
available data, technically easy to implement and capable
of being tested), as from the soundness of the hydro-bio-
geochemical concepts and understanding on which the
model is based. The refinements described here, and the
expansion of the conceptual basis to include N dynamics in
soils, enhance the utility of the model. The success of this
conceptual approach in the qualitative and quantitative
description of acidification responses of ecosystems suggests
that it is also an appropriate tool for also examining the
recovery responses.
Acknowledgements
We thank our colleagues who have used MAGIC and have
provided stimulating discussion, insightful comments and
useful suggestions. We are gratified that the model has
proven to be so durable and useful. We are even more
pleased by the many friendships and rewarding professional
relationships that have arisen because of the model.
References
Alveteg, M., Walse, C. and Warfvinge, P., 1998. Reconstructing
historic atmospheric deposition and nutrient uptake from present
day values using MAKEDEP. Water Air Soil Pollut., 104, 269–
283.
Barkman, A. and Alveteg, M., 2001. Identifying potentials for
reducing uncertainty in critical load calculations using the
PROFILE model. Water Air Soil Pollut., 125, 33–54.
Booty, W.G. and Kramer, J.R., 1984. Sensitivity analysis of a
watershed acidification model. Phil. Trans. Roy. Soc. London,
B305, 441–449.
Christophersen, N. and Wright, R.F., 1981. A model for
streamwater chemistry at Birkenes, Norway. Water Resour. Res.,
17, 377–389.
Christophersen, N., Seip, H.M. and Wright, R.F., 1982. A model
for streamwater chemistry at Birkenes, Norway. Water Resour.
Res., 18, 977–997.
Cosby, B.J., 1998. Modelling the Biological Effects of Water
Quality Changes in the streams of the FISH Catchments. In:
Final Report of the FISH (Fish In Sensitive Habitats) Project -
An Integrated Assessment of Fish Community Responses to
Stream Acidification in Shenandoah National Park, VA, A.J.
Bulger, (Ed.). University of Virginia.
Cosby, B.J., Wright, R.F., Hornberger, G.M. and Galloway, J.N.,
1984. Model of acidification of groundwater in catchments.
Project completion report, Proj. E2-14, EPA/NCSU Acid
Precipitation Program, Environ. Prot. Agency, N.C. State Univ.,
October 1984.
Cosby, B.J., Wright, R.F., Hornberger, G.M. and Galloway, J.N.,
1985a. Modelling the effects of acid deposition:  assessment of
a lumped parameter model of soil water and streamwater
chemistry. Water Resour. Res., 21, 51–63.
Cosby, B.J., Wright, R.F., Hornberger, G.M. and Galloway, J.N.,
1985b. Modelling the effects of acid deposition: estimation of
long-term water quality responses in a small forested catchment.
Water Resour. Res., 21, 1591–1601.
Cosby, B.J., Hornberger, G.M., Galloway, J.N. and Wright, R.F.,
1985c. Time scales of catchment acidification: a quantitative
model for estimating freshwater acidification. Environ. Sci.
Technol., 19, 1144–1149.
Cosby, B.J., Hornberger, G.M., Wright, R.F. and Galloway, J.N.,
1986. Modeling the effects of acid deposition: Control of long-
term sulfate dynamics by soil sulphate adsorption. Water Resour.
Res., 22, 1283–1302.
Cosby, B.J., Wright, R.F. and Gjessing, E., 1995. An acidification
model (MAGIC) with organic acids evaluated using whole-
catchment manipulations in Norway. J. Hydrol., 170, 101–122.
Cosby, B.J., Ferrier, R.C., Jenkins, A., Emmett, B.A., Wright, R.F.
and Tietema, A., 1997. Modelling the ecosystem effects of
nitrogen deposition at the catchment scale: model of ecosystem
retention and loss of inorganic nitrogen (MERLIN). Hydrol.
Earth Syst. Sci., 1, 137–158.
Modelling the effects of acid deposition: refinements, adjustments and inclusion of nitrogen dynamics in the MAGIC model
515
Couto, W., Lathwell, D.J. and Bouldin, D.R., 1979. Sulfate
sorption by two oxisols and an alfisol of the tropics. Soil Sci.,
127, 108–116.
David, M.B. and Vance, G.F., 1991. Chemical character and origin
of organic acids in streams and seepage lakes of central Maine.
Biogeochemistry, 12, 17–41.
Dise, N.B. and Wright, R.F., 1995. Nitrogen leaching from
European forests in relation to nitrogen deposition. Forest Ecol.
Manage., 71, 153–163.
Driscoll, C.T., Lehtinen, M.D. and Sullivan, T.J., 1994. Modeling
the acid-base chemistry of organic solutes in Adirondack, New
York, lakes. Water Resour. Res., 30, 297–306.
Emmett, B.A., Reynolds, B., Stevens, P.A, Norris, D.A., Hughes,
S., Gorres, J. and Lubrecht, I., 1993. Nitrate leaching from
afforested Welsh catchments — interactions between stand age
and nitrogen deposition. Ambio, 22, 386–394.
Emmett, B.A., Stevens, P.A. and Reynolds, B., 1995. Factors
influencing nitrogen saturation in Sitka spruce stands in Wales.
Water Air Soil Pollut., 85, 1629–1634.
Emmett, B.A., Cosby, B.J., Ferrier, R.C., Jenkins, A., Tietema,
A. and Wright, R.F., 1997. Modelling the ecosystem effects of
nitrogen deposition at the catchment scale: simulation of
nitrogen saturation in a Sitka spruce forest, Aber, Wales, UK.
Biogeochemistry, 38, 129–148.
Emmett, B.A., Boxman, D., Bredemeier, M., Moldan, F.,
Gundersen, P., Kjonaas, O.J., Schleppi, P., Tietema, A. and
Wright, R.F., 1998. Predicting the effects of atmospheric
nitrogen deposition in conifer stands: evidence from the
NITREX ecosystem-scale experiments. Ecosystems, 1, 352–360.
Ferrier, R.C., Jenkins, A., Cosby, B.J., Helliwell, R.C., Wright,
R.F. and Bulger, A.J., 1995. Effects of future N deposition
scenarios on the Galloway region of Scotland using a coupled
sulphur and nitrogen model (MAGIC-WAND). Water Air Soil
Pollut., 85, 707–712.
Gaines, G.L. and Thomas, H.C., 1953. Adsorption studies on clay
minerals, II. A formulation of the thermodynamics of exchange
adsorption. J. Chem. Phys., 21, 714–718.
Gjessing, E.T., 1994a. HUMEX (Humic Lake Acidification
Experiment): chemistry, hydrology and meteorology. Environ.
Int., 20, 267–276.
Gjessing, E.T., 1994b. The role of humic substances in the
acidification response of soil and water - results of the Humic
Lake Acidification Experiment (HUMEX). Environ. Int., 20,
363–368.
Goldstein, R.A., Gherini, S.A., Chen, C.W., Mak, L. and Hudson,
R.J.M., 1984. Integrated acidification study (ILWAS): A
mechanistic ecosystem analysis. Phil. Trans. Roy. Soc. London.,
B305, 409–425.
Gundersen, P., Emmett, B.A., Kjonaas, O.J., Koopmans, C.J. and
Tietema, A., 1998. Impact of nitrogen deposition on nitrogen
cycling in forests: a synthesis of NITREX data. Forest Ecol.
Manage., 101, 37–55.
Hasan, S.M., Fox, R.L. and Boyd, C.C., 1970. Solubility and
availability of sorbed sulphate in Hawaiian soils. Soil Sci. Soc.
Amer. Proc., 34, 897–901.
Jenkins, A. and Cosby, B.J., 1989. Modelling surface water
acidification using one and two soil layers and simple flow
routing. In: Regional Acidification Models: Geographic Extent
and Time Development, J. Kamari, D.F. Brakke, A. Jenkins,
S.A. Norton and R.F. Wright (Eds.), 253–266. Springer, New
York, 1989.
Jenkins, A. and Cullen, J., 2001. An assessment of the potential
impact of the Gothenburg Protocol on surface water chemistry
using the dynamic MAGIC model at acid sensitive sites in the
UK. Hydrol. Earth Syst. Sci., 5, 529–541.
Jenkins, A., Ferrier, R.C. and Cosby, B.J., 1997. A dynamic model
for assessing the impact of coupled sulphur and nitrogen
deposition scenarios on surface water acidification. J. Hydrol.,
197, 111–127.
Jenkins, A., Ferrier, R.C. and Helliwell, R.C., 2001. Modelling
nitrogen dynamics at Lochnagar, N.E. Scotland. Hydrol. Earth
Syst. Sci., 5, 519–527.
Johansson, M., Alveteg, M., Walse, C. and Warfvinge, P., 1996.
Derivation of deposition and uptake scenarios. In: International
Workshop on Exceedance of Critical Loads and Levels, M.
Knoflacher, J. Schneider and G. Soja (Eds.), 318–324.
Conference Papers Vol. 15, Federal Ministry of Environment,
Youth and Family, Vienna.
Larssen, T., Schnoor, J.L., Seip, H.M. and Dawei, Z., 2000.
Evaluation of different approaches for modeling effects of acid
rain on soils in China. Sci. Total Environ., 246, 175–193.
McKnight, D.M., Thurman, E.M., Wershaw, R.L. and Hemond,
H.F., 1985. Biogeochemistry of aquatic humic substances in
Thoreau’s Bog, Concord, Massachusetts. Ecology, 66, 1339–
1352.
Oliver, B.G., Thurman, E.M. and Malcolm, R.L., 1983. The
contribution of humic substances to the acidity of colored natural
waters. Geochim. Cosmochim. Acta, 47, 2031–2035.
Oreskes, N., Schrader-Frechette, K. and Belitz, K., 1994.
Verification, validation and confirmation of numerical models
in the earth sciences. Science, 263, 641–646.
Posch, M., Reinds, G.J. and de Vries, W., 1993. SMART - A
Simulation Model for Acidification’s Regional Trends: Model
Description and User Manual, 477. Mimeograph Series of the
National Board of Waters and the Environment, Helsinki,
Finland, 43 pp.
Rastetter, E.B., King, A.W., Cosby, B.J., Hornberger, G.M,
O’Neill, R.O. and Hobbie, J.E., 1992. Aggregating fine-scale
ecological knowledge to model coarser-scale attributes of
ecosystems. Ecol. Appl., 2, 55–70.
Reuss, J.O., 1980. Simulations of soil nutrient losses resulting
from rainfall acidity. Ecol. Model., 11, 15-38.
Reuss, J.O., 1983. Implications of the Ca-Al exchange system for
the effect of acid precipitation on soils. J. Environ. Qual., 12,
591–595.
Reuss, J.O. and Johnson, D.W., 1985. Effect of soil processes on
the acidification of water by acid deposition. J. Environ. Qual.,
14, 26–31.
Reuss, J.O. and Johnson, D.W., 1986. Acid Deposition and the
Acidification of Soils and Waters. Ecological Studies. Springer,
New York, 119 pp.
Schecher, W.D. and Driscoll, C.T., 1993. ALCHEMI: A chemical
equilibrium model to assess the acid-base chemistry and
speciation of aluminum in dilute solutions. In. Chemical
Equilibrium and Reaction Models, R. Loeppert, A.P. Schwab
and S. Goldberg (Eds.). Soil Sci. Soc. Amer., Madison, WI.
Schnoor, J.L., Palmer, W.D, Jr. and Glass, G.E., 1984. Modeling
impacts of acid precipitation for northeastern Minnesota. In:
Modeling of Total Acid Precipitation Impact, J.L. Schnoor (Ed.),
155–173. Butterworth, Boston, Mass.
Stoddard, J.L., 1994. Long-term changes in watershed retention
of nitrogen: Its causes and aquatic consequences. In:
Environmental Chemistry of Lakes and Reservoirs, L. Baker
(Ed.), 223–284. Advances in Chemistry Series No. 237,
American Chemical Society, Washington, D.C.
Sullivan, T.J. and Cosby, B.J., 1998. Modeling the Concentration
of Aluminum in Surface Waters. Water Air Soil Pollut., 105,
643–659.
Sullivan, T.J., Cosby, B.J., Norton, S.A., Charles, D.F., Wright,
R.F. and Gjessing, E., 1995. Multi-site testing and evaluation
B.J. Cosby, R.C. Ferrier, A. Jenkins and R.F. Wright
516
of a geochemical model of acid-base chemistry — confirmation
of the MAGIC model using catchment manipulation experiments
and historical diatom inferences. In: Ecosystem Manipulation
Experiments: scientific approaches, experimental design and
relevant results, A. Jenkins, R.C. Ferrier and C. Kirby (Eds.),
360-365. Ecosystems Research Report 20, Commission of
European Communities, Luxembourg.
Sullivan, T.J., Cosby, B.J, Driscoll, C.T., Charles, D.F. and
Hemond, H.F., 1996. Influence of organic acids on model
projections of lake acidification. Water Air Soil Pollut., 91, 271–
282.
Tietema, A. and Beier, C., 1995. A correlative evaluation of
nitrogen cycling in the forest ecosystems of the EC projects
NITREX and EXMAN. Forest Ecol. Manage., 71, 143–151.
Tiktak, A. and van Grinsven, H.J.M., 1995. Review of sixteen
forest-soil-atmosphere models. Ecol. Model., 83, 35–54.
Warfvinge, P., Holmberg, M., Posch, M. and Wright, R.F., 1992.
The use of dynamic models to set target loads. Ambio, 21, 369–
376.
Warfvinge, P., Falkengren-Grerup, U. and Sverdrup, H., 1993.
Modeling long-term base cation supply to acidified forest stands.
Environ. Pollut., 80, 209–220.
Wright, R.F., 1989. RAIN project: role of organic acids in
moderating pH change following reduction in acid deposition.
Water Air Soil Pollut., 46, 251–259.
Wright, R.F. and van Breemen, N., 1995. The NITREX project:
an introduction. Forest Ecol. Manage., 71, 1–5.
Wright, R.F., Lotse, E. and Semb, A., 1993. RAIN Project: Results
after 8 years of experimentally reduced acid deposition to a
whole catchment. Can. J. Fisheries Aquat. Sci., 50, 258–268.
Wright, R.F., Emmett, B.A. and Jenkins, A., 1998. Acid deposition,
land-use change and global change: MAGIC7 model applied to
Risdalsheia, Norway (RAIN and CLIMEX projects) and Aber,
UK (NITREX project). Hydrol. Earth Syst. Sci., 2, 385-397.
Appendix I
This appendix contains references to a wide range of
published applications of the MAGIC model.
Alewell, C., Manderscheid, B., Lükewille, A., Koeppe, P. and
Prenzel, J., 1995. Describing soil SO4
2- dynamics in the Solling
roof project with two different modelling approaches. Water
Air Soil Pollut.,  85, 1801–1806.
Alewell, C. and Manderscheid, B., 1998. Use of objective criteria
for the assessment of biogeochemical ecosystem models. Ecol.
Model., 107, 213–224.
Beier, C., Hultberg, H., Moldan, F. and Wright, R.F., 1995. MAGIC
applied to roof experiments (Risdalsheia, N; Gårdsjön, S;
Klosterhede, DK) to evaluate the rate of reversibility of
acidification following experimentally reduced acid deposition.
Water  Air Soil Pollut., 85, 1745–1751.
Collins, R. and Jenkins, A., 1998. Regional modelling of
acidification in Wales; calibration of a spatially distributed
model incorporating land use change. Hydrol. Earth Syst. Sci.,
2, 533–542.
Cosby, B.J. and Wright, R.F., 1998. Modelling regional response
of lakewater chemistry to changes in acid deposition: the
MAGIC model applied to lake surveys in southernmost Norway
1974-1986-1995. Hydrol. Earth Syst. Sci., 2, 563–576.
Cosby, B.J., Jenkins, A., Miller, J.D., Ferrier, R.C. and Walker,
T.A.B., 1990. Modelling stream acidification in afforested
catchments: long term reconstructions at two sites in central
Scotland. J. Hydrol., 120, 143–162.
Dianwu, Z. and Seip, H.M., 1998. Assessing the effects of acid
deposition in southwestern China using the MAGIC model.
Water Air Soil Pollut., 60, 83–97.
Evans, C.D., Jenkins, A., Helliwell, R.C. and Ferrier, R.C., 1998.
Predicting regional recovery from acidification: the MAGIC
model applied to Scotland, England and Wales. Hydrol. Earth
Syst. Sci., 2, 543–554.
Ferrier, R.C., Jenkins, A., Cosby, B.J., Helliwell, R.C. and Wright,
R.F., 1995. Land use and deposition interactions: an evaluation
of the effects of future N deposition scenarios on the Galloway
region of SW Scotland using a coupled sulphur and nitrogen
model (MAGIC-WAND). Water Air Soil Pollut., 85, 707–712.
Ferrier, R.C., Wright, R.F., Cosby, B.J., and Jenkins, A. 1995.
Application of the MAGIC model to the Norway spruce stand
at Solling, Germany. Ecol. Model., 83, 77–84.
Forsius, M., Alveteg, M., Jenkins, A., Johansson, M., Kleemola,
S., Lükewille, A., Posch, M., Sverdrup, H. and Walse, C., 1998.
MAGIC, SAFE and SMART model applications at integrated
monitoring sites: effects of emission reduction scenarios. Water
Air Soil Pollut., 105, 21–30.
Forti, M.C., Neal, C. and Jenkins, A., 1992. O uso de modelos
matematicos para avaliar processos hidrogeoquimicos em
regioes tropicais: o modelo  magic. Geochem.Brasil, 6, 111–
126.
Forti, M.C., Neal, C. and Jenkins, A., 1995. Modelling perspective
of the deforestation impact in stream water quality of small
preserved forested areas in the Amazonian rainforest. Water
Air Soil Pollut., 79, 325–337.
Frogner, T., Wright, R.F., Cosby, B.J., Esser, J.M., Håøya, A.O.
and Rudi, G., 1993. Map of critical loads (sulphur) for
coniferous forest soils in Norway. Naturens Tålegrenser
Fagrapport 33, Norwegian Institute for Water Research, Oslo.
30 pp.
Grieve, I.C., 1989. A laboratory test of the soil chemical submodels
of two models of catchment acidification. Hydrol. Process., 3,
339–346.
Helliwell, R.C., Ferrier, R.C., Evans, C.D. and Jenkins, A., 1998.
A comparison of methods for estimating soil characteristics in
regional acidification models: an application of the MAGIC
model to Scotland. Hydrol. Earth Syst. Sci., 2, 509–520.
Helliwell, R.C., Ferrier, R.C. and Jenkins, A., 1998. A two-layer
application of the MAGIC model to predict the effects of land
use scenarios and reductions in deposition on acid sensitive soils
in the UK. Hydrol. Earth Syst. Sci., 2, 497–508.
Hornberger, G.M., Cosby, B.J. and Wright, R F., 1987. Analysis
of historical surface water acidification in southern Norway
using a regionalized conceptual model (MAGIC). In: System
Analysis in Water Quality Management, M.B. Beck (Ed.), 127–
152. Pergamon Press, Oxford, UK.
Hornberger, G.M., Cosby, B.J. and Wright, R F., 1989. Historical
reconstructions and future forecasts of regional surface water
acidification in southernmost Norway. Water Resour. Res.,  25,
2009–2018.
Jenkins, A., Ferrier, R.C., Walker, T.A.B. and Whitehead, P.G.,
1988. A modelling study of long-term acidification in an upland
Scottish catchment. Water Air Soil Pollut., 40, 275–291.
Jenkins, A., Whitehead, P.G., Cosby, B.J. and Birks, H.J.B., 1990.
Modelling long-term acidification: a comparison with diatom
reconstructions and the implications for reversibility. Phil. Trans.
Roy. Soc. London, B327, 435–440.
Jenkins, A., Wright, R.F. and Cosby, B.J., 1998. Modelling long-
term hydrochemical response at ENCORE catchments in the
UK and Norway. Acid Rain Research Report 35/1994,
Norwegian Institute for Water Research, Oslo, 39 pp.
Modelling the effects of acid deposition: refinements, adjustments and inclusion of nitrogen dynamics in the MAGIC model
517
Lepistö, A., Whitehead, P.G., Neal, C. and Cosby, B.J., 1988.
Modelling the effects of acid deposition: estimation of long term
water quality responses in forested catchments in Finland.
Nordic Hydrol., 19, 99–120.
Moldan, F., Wright, R.F., Ferrier, R.C., Andersson, B.I. and
Hultberg, H., 1998. Simulating the Gårdsjön covered catchment
experiment with the MAGIC model. In: Experimental Reversal
of Acid Rain Effects. The Gårdsjön Roof Project, H. Hultberg
and R.A. Skeffington (Eds.), 351–362. Wiley, Chichester, UK.
Norton, S.A., Wright, R.F., Kahl, J.S. and Scofield, J.P., 1998.
The MAGIC simulation of surface water acidification at, and
first year results from, the Bear Brook Watershed Manipulation,
Maine, USA. Environ. Pollut., 77, 279–286.
Ormerod, S.J., Weatherley, N.S. and Merrett, W.J., 1990. Restoring
acidified streams in upland Wales: a modelling comparison of
the chemical and biological effects of liming and reduced
sulphate deposition. Environ. Pollut., 64, 67–85.
Reuss, J.O., 1994. Application of the MAGIC model to the Glacier
Lakes catchments. Research Paper RM-315, Rocky Mountain
Forest and Range Experiment Station, U.S. Forest Service, Fort
Collins, CO, USA, 19 pp.
Rose, K.A., Cook, R.B., Brenkert, A.L. and Gardner, R.H., 1991.
Systematic comparison of ILWAS, MAGIC and ETD watershed
acidification models. 1. Mapping among model inputs and
deterministic results. Water Resour. Res., 27, 2577–2589.
Rose, K.A., Cook, R.B., Brenkert, A.L. and Gardner, R.H., 1991.
Systematic comparison of ILWAS, MAGIC and ETD watershed
acidification models. 2. Monte Carlo analysis under regional
variability. Water Resour. Res., 27, 2591–2603.
Sefton, C.E.M. and Jenkins, A., 1998. A regional application of
the MAGIC model in Wales: calibration and assessment of future
recovery using a Monte-Carlo approach. Hydrol. Earth Syst.
Sci., 2, 521–532.
Skeffington, R.A. and Roberts, D.J., 1993. Testing a catchment
acidification model: ‘MAGIC’ applied to a 5 year lysimeter
experiment. J. Hydrol., 144, 247–272.
Stone, A., Christophersen, N., Seip, H.M. and Wright, R.F., 1991.
Predictions of stream acidification by using the Birkenes and
MAGIC models. In: The Surface Waters Acidification
Programme, B.J. Mason (Ed.), 495–500.  Cambridge University
Press, Cambridge, UK.
Sullivan, T.S., 1997. Ecosystem manipulation experimentation as
a means of testing a biogeochemical model. Environ. Manage.,
21, 15–21.
Traaen, T.S., Frogner, T., Hindar, A., Kleiven, E., Lande, A. and
Wright, R F., 1997. Whole-catchment liming at Tjønnstrond,
Norway: an 11-year record. Water Air Soil Pollut., 94, 163–180.
Whitehead, P.G., Reynolds, B., Hornberger, G.M., Neal, C., Cosby,
B.J. and Paricos, P., 1988. Modelling long term stream
acidification trends in upland Wales at Plynlimon. Hydrol.
Process., 2, 357–368.
Whitehead, P.G., Bird, S., Hornung, M., Cosby, B.J., Neal, C.
and Paricos, P., 1988. Stream acidification trends in the Welsh
Uplands: a modelling study of the Llyn Brianne catchments. J.
Hydrol., 101, 191–212.
Whitehead, P.G., Black, V., Jenkins, A., Wright, R.F. and Cosby,
B.J., 1993. Modelling acidification at Beacon Hill — a low
rainfall, high pollutant deposition site in central England.
Environ. Pollut., 79, 277–281.
Whitehead, P.G., Barlow, J., Haworth, E.Y. and Adamson, J.K.,
1997. Acidification in three Lake District tarns: historical long
term trends and modelled future behaviour under changing
sulphate and nitrate deposition. Hydrol. Earth Syst. Sci., 1, 197–
204.
Wright, R.F. and Cosby, B.J., 1987. Use of a process-oriented
model to predict acidification at manipulated catchments in
Norway. Atmos. Environ., 21, 727–730.
Wright, R.F. and Henriksen, A., 1999. Gap closure; use of MAGIC
model to predict time required to achieve steady-state following
implementation of the Oslo protocol. Naturens Tålegrenser
Fagrapport 100, Norwegian Institute for Water Research, Oslo.
Wright, R.F., Cosby, B.J., Hornberger, G.M. and Galloway, J.N.,
1986. Comparison of paleolimnological with MAGIC model
reconstructions of water acidification. Water Air Soil Pollut.,
30, 367–380.
Wright, R.F., Cosby, B.J. and Hornberger, G.M., 1991. A regional
model of lake acidification in southernmost Norway. Ambio,
20, 222–225.
Wright, R.F., Holmberg, M., Posch, M. and Warfvinge, P., 1991.
Dynamic models for predicting soil and water acidification:
Application to three catchments in FennoScandia. Acid Rain
Research Report 25/1991, Norwegian Institute for Water
Research, Oslo, 40 pp.
Wright, R.F., Cosby, B.J., Ferrier, R.C., Jenkins, A., Bulger, A.J.
and Harriman, R., 1994. Changes in the acidification of lochs
in Galloway, southwestern Scotland, 1979–1988: the MAGIC
model used to evaluate the role of afforestation, calculate critical
loads, and predict fish status. J. Hydrol., 161, 257–285.
B.J. Cosby, R.C. Ferrier, A. Jenkins and R.F. Wright
518
